Objective. Increased intracranial pressure (ICP) is an important complication of cryptococcal meningitis (CM) and impacts morbidity and mortality. Factors associated with permanent ventriculoperitoneal (VP) shunt placement are poorly characterized.
INTRODUCTION
Cryptococcus species are encapsulated yeasts responsible for a broad range of infections. Pulmonary and central nervous system (CNS) disease are well-known presentations of invasive cryptococcosis, with meningoencephalitis the most frequent and serious manifestation [1] . One of the more important complications of cryptococcal meningoencephalitis (CM) is increased intracranial pressure (ICP), sometimes resulting in hydrocephalus. An opening cerebrospinal fluid (CSF) pressure of >25 centimeters (cm) of water is found in approximately half of patients with cryptococcosis and AIDS [2] [3] [4] . A high yeast burden is felt to be a contributing factor to increased ICP, in part through the pro-inflammatory effects of cryptococcal antigen in these patients [4] . Cryptococci may cause outflow obstruction by blocking passage of CSF across arachnoid villi and, similarly, soluble cryptococcal capsular polysaccharide may accumulate in arachnoid villi, leading to alterations in CSF drainage [2] .
Elevated ICP in the setting of CM is associated with increased mortality and poor neurologic outcomes among immunosuppressed patients, especially among patients with AIDS [2, [5] [6] [7] . To alleviate poor outcomes, management of elevated ICP requires frequent lumbar punctures until pressure and symptoms have stabilized [1, 5] . Medications to reduce ICP, such as corticosteroids, mannitol, or acetazolamide, are typically not helpful and may lead to worse outcomes [2, 8, 9] . In a minority of patients, more aggressive measures such as lumbar drainage or ventriculoperitoneal (VP) shunt placement may be required to alleviate increased ICP [1, 4, [10] [11] [12] [13] [14] [15] . However, it is important to note that in resource-limited settings, where the majority of HIV-related CM cases are encountered, availability of these procedures is lacking. It is difficult to predict for whom aggressive measures such as VP shunting should be prescribed, especially at time of diagnosis of CM [15] . Herein, we investigate factors at the time CM diagnosis associated with permanent VP shunt placement in a large cohort of patients with CM, in an effort to better identify those patients who may benefit from this procedure to alleviate increased ICP and improve outcomes.
METHODS
We conducted a retrospective observational cohort study of patients with incident CM. Included cases were identified antemortem at the University of Alabama at Birmingham (UAB) from January 1, 1996, through December 31, 2015. Cases were identified by review of microbiology, serology and histopathology reports, diagnosis codes, and referral for infectious diseases consultations. We utilized a standardized case report form to collect demographic data, site of involvement, underlying diseases, clinical presentation, diagnostic laboratory and radiographic findings, and outcomes.
Definitions
A case of CM was defined by a positive culture for Cryptococcus species or a positive cryptococcal antigen (CrAg) assay from CSF, in a patient with a syndrome consistent with CM. Patients were excluded if a VP shunt had been placed prior to the diagnosis of cryptococcosis. Length of symptoms was defined as day of symptom onset until date meeting the case definition. A patient was classified as a "normal host" if we found no evidence of HIV, transplantation, malignancy, neutropenia, chronic organ dysfunction, diabetes, corticosteroid use, other recent (12 months) immunosuppressant use, or other immunodeficiency.
Statistical Analysis
For analysis of the relationship of variables among patients who received VP shunts or not, the chi-square test or Fisher test exact was used for categorical variables and the 2-group t test or Wilcoxon rank sum test was used for continuous variables, as indicated. Multivariable analysis of baseline (at time of CM diagnosis) factors associated with VP shunt placement was performed with stepwise logistic regression analysis. We chose to analyze factors at time of diagnosis of CM that were associated with shunting or not to better minimize confounding by indication associated with physicians' preferences of performing lumbar puncture or shunting procedures. First, a multivariable model was constructed for each of the following categories: demographics or underlying diseases; clinical presentation factors; and baseline diagnostic testing (labs, radiography).
Covariates from each category with the strongest associations from univariate analyses were chosen for these models. A final multivariable logistic regression model containing the best predictor variable(s) from the individual multivariable models was performed. This model used all available data and was chosen in order to obtain more robust estimates of the odds ratios, confidence intervals, and P values given the small number of outcome events (44 shunted patients). The criterion for model entry was significance at α = 0.20, while the criterion for remaining in the model was significance at α = 0.05. Odds ratios and 95% confidence intervals (95% CI) were calculated. Model fit by the Hosmer-Lemeshow goodness-of-fit test was assessed and all models fit the data well (P > .05). All statistical tests were 2-tailed and utilized a 5% significance level. Analysis was performed using SAS software version 9.4 (SAS Institute, Inc., Cary, NC).
RESULTS
During the study period, there were 422 patients identified with incident cryptococcosis, 257 (60.9%) of whom had CM. Mean age of the cohort was 47.7 years, 71.6% were male, and 44.4% of black race ( Table 1 ). The most common underlying conditions were HIV (42.4%), solid organ transplantation (29.6%), and corticosteroid use (34.2%). Forty-four (17.1%) received a VP shunt a median of 17 days (range, 1-320 days) following diagnosis. Forty-five percent of shunting occurred within 14 days of diagnosis ( Figure 1 ). On univariate analysis, patients who received a VP shunt were significantly more likely to be younger, male, and be normal hosts (Table 1) . Overall 1-year crude mortality for all patients with CM was 48.2% and lower in patients who received VP shunting (29.6 vs 52.1; P = .006). Among patients with opening pressure >25 mmHg, 1-year mortality was increased in patients who were not shunted compared with those who were (55.7% vs 32.1%; P = .035). This was more pronounced in patients with opening pressure >30 mmHg (63.6% vs 28.0%; P = .004).
Clinical Presentation
As listed in Table 1 , the mean length of symptoms in the cohort was 31.3 days and longer for patients who were shunted (46.4 vs 28.2 days; P = .02). Headache was present in 70.4% of patients and frequency was greater among patients who were later shunted (84.1% vs 67.6%; P = .03). The symptoms or signs most strongly associated with shunting were visual changes (47.7% vs 17.8%; P < .0001) and cranial nerve palsy (20.5% vs 6.6%; P < .003). The remainder of clinical symptoms and signs were similar (Table 1) .
Laboratory and Radiographic Findings
Among patients with CM, the median serum CrAg was 1:512 and median CSF CrAg was 1:256; values were similar between patients who were shunted and those who were not ( Table  1) . The proportion of patients with positive CSF cultures was similar across groups, 80.7% to 81.4% (P = .90). Among the 210 patients who had opening pressure measured on baseline lumbar puncture, the mean pressure was 28.4 cmH 2 0, and greater in patients who were later shunted (41.3 cm H 2 0 vs 25.6 cm H 2 0; P < .0001). Among shunted patients, 88% had an opening pressure of >30 cm H 2 O at baseline. Other CSF studies, including protein, glucose,, and white blood cell counts were similar among patients. Among 223 patients with baseline head computed tomography or magnetic resonance imaging, hydrocephalus was present in 30 (14.3%) patients. The frequency of hydrocephalus was greater in patients who were later shunted compared to those not shunted (34.1% vs 8.8%; P < .0001).
Multivariable Analysis
In multivariable logistic regression analysis, baseline opening pressure >30 cm H 2 O (OR, 9.4; 95% CI, 3.0, 28.8; P < .0001), being a normal host (OR, 6.3; 95% CI, 1.5, 26.1; P = .011) and hydrocephalus (OR, 4.9; 95% CI, 1.3, 17.9; P = .017) were associated with increased odds of shunting (Table 2 ). In contrast, increasing age (OR, 0.96; 95% CI, 0.92, 0.99; P = .037) and male gender (OR, 0.18; 95% CI, 0.06, 0.55; P = .023) were associated with decreased odds of shunting.
DISCUSSION
Cryptococcal meningitis remains an important complication of patients worldwide and is especially common among immunocompromised patients [16] . Intracranial hypertension, reported in over half of patients with CM, is associated with significant morbidity and mortality [2, 3, 5] . Management of elevated intracranial pressure is of paramount importance and is typically achieved via serial lumbar punctures. In refractory cases, temporary or permanent solutions such as lumbar drains or ventriculoperitoneal shunting may be required; however, it is important to note that in resource limited areas, where the majority of HIV-associated CM cases are managed, these more aggressive procedures may not be available. To date, few data are available evaluating predictors of shunting in patients with CM [14, 15] . Our study investigated a large cohort of patients with CM and elevated ICP, with many receiving VP shunting for control of ICP. We observed that at time of presentation and first diagnosis of CM that there were several demographic, host, or laboratory or radiographic parameters independently associated with subsequent VP shunting. Moreover, shunted patients had significantly improved mortality that was more pronounced with increasing baseline opening pressures. Identifying patients at time of CM diagnosis who may require aggressive reduction of ICP and perhaps shunting may aid in improving cryptococcal outcomes.
Demographics such as age and gender were associated significantly with VP shunting. As age increased, the odds of receiving a shunt was lower. First, younger patients theoretically may induce a more robust inflammatory response, potentially leading to increased brain inflammation and elevated ICP. Second, this finding may be related to the ability to undergo a procedure. For example, in older patients, shunting procedures may have been deferred due to other comorbidities or goals of care. This may have impacted mortality in patients who were not shunted. Male patients were also significantly less likely to receive a shunt. This is likely related to the large number of HIV-infected patients, also more commonly younger, who were male in our cohort. Recent studies also have reported a predominance of younger male and female patients who receive shunting [12, 14, 15, 17] .
The characteristic of being a phenotypically normal host was strongly associated with shunting. This is intuitive, as a more robust immune response to Cryptococcus may be associated with increased inflammation in the brain, potentially resulting in increased ICP. In addition, these patients typically have more prolonged symptoms and a greater frequency of hydrocephalus on baseline imaging [18, 19] . Indeed, in this cohort, when comparing normal hosts to other groups, hydrocephalus and greater length of symptoms were more common, but normal host type remained as an associated variable after adjustment in the final model. In our clinical experience, the normal host often is the most complicated CM case to manage due to recurrent problems with elevated ICP. As expected, elevated opening pressure at baseline was strongly associated with VP shunting, when evaluated as either a continuous or categorical variable. This supports previous studies [14, 15] . For this analysis, we classified elevated ICP as greater than 30 cm H 2 O, which occurred in approximately 88% of shunted patients at baseline. It is possible a threshold of elevated ICP exists at the time of initial presentation that will not be alleviated with serial lumbar punctures and medical management (antifungals) alone. However, there were several patients in our cohort with opening pressures >35 cm H 2 O who were successfully treated without shunting. But, in the overall cohort and in those with elevated pressures (>25 mm H 2 O or >30 mm H 2 O), all-cause mortality was significantly greater in those patients who were not shunted.
An important aspect of ICP and outcomes is related to the frequency of serial lumbar punctures. Cherian and colleagues compared patients who had serial lumbar punctures and later shunting versus serial lumbar punctures alone. On univariate analysis, mean number of lumbar punctures was not associated with shunting; yet female gender and elevated CSF CrAG were [14] . For our cohort, there was no standard protocol for lumbar puncture frequency or timing. We did not collect data on total number of lumbar punctures and so we did not choose to analyze this variable due to potential for confounding by indication. However, patients who had repeated lumbar punctures for the indication of elevated pressure with symptoms were significantly more likely to be shunted.
Hydrocephalus on baseline imaging was uncommon (14%) in our cohort but was strongly associated with shunting. As many studies have documented in patients with CM, despite elevated opening pressures, hydrocephalus may not be present on imaging [2, 14, 15] . We suggest early neurosurgical consultation for persistent elevated ICP in patients with or without hydrocephalus, as we observed better outcomes in shunted patients.
Our study has limitations. Although this is a large series of patients with CM managed with VP shunting, we were limited in our multivariable analyses due to only 44 shunt events. It is likely that we were unable to include potentially important variables into the final multivariable model. We felt it was most appropriate to analyze factors related to VP shunt at baseline (time of presentation) in order to minimize confounding by indication. For example, the timing and choice of VP shunt placement may be related to preferences of neurosurgery or infectious diseases physicians. In addition, this strategy did not allow us to determine impact of antifungal therapy, role of serial or number of lumbar punctures, or value of quantitative cryptococcal CSF colony forming units as covariates. During the study, the indication or frequency of lumbar punctures was not standardized, nor was there a protocol for a specific treatment regimen. Our data may not be applicable in resource-limited settings where lumbar drainage procedures or shunting are not available.
In summary, we identified in our cohort of patients with CM independent baseline factors related to permanent VP shunting. As increased and persistent ICP in CM is associated with poor outcomes, early identification of patients who may require aggressive measures, such as shunting, could influence management decisions and mortality. Investigation of the role of antifungal therapies and serial lumbar punctures on the relationship to permanent VP shunting is warranted.
